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ABSTRACT

Background While achieving prolonged remissions

in other B cell-derived malignancies, chimeric antigen
receptor (CAR) T cells still underperform when injected
into patients with chronic lymphocytic leukemia (CLL). We
studied the influence of genetics on CLL response to anti-
CD19 CAR T-cell therapy.

Methods First, we studied 32 primary CLL samples
composed of 26 immunoglobulin heavy-chain gene
variable (/GHW)-unmutated (9 ATM-mutated, 8 TP53-
mutated, and 9 without mutations in ATM, TP53, NOTCH1
or SF3B1) and 6 /GHV-mutated samples without mutations
in the above-mentioned genes. Then, we mimicked the
leukemic microenvironment in the primary cells by ‘2S
stimulation’ through interleukin-2 and nuclear factor kappa
B. Finally, CRISPR/Cas9-generated ATM-knockout and
TP53-knockout clones (four and seven, respectively) from
CLL-derived cell lines MEC1 and HG3 were used. All these
samples were exposed to CAR T cells. In vivo survival
study in NSG mice using HG3 wild-type (WT), ATM-
knockout or TP53-knockout cells was also performed.
Results Primary unstimulated CLL cells were specifically
eliminated after >24 hours of coculture with CAR T cells.
‘2S’ stimulated cells showed increased survival when
exposed to CAR T cells compared with unstimulated ones,
confirming the positive effect of this stimulation on CLL
cells’ in vitro fitness. After 96 hours of coculture, there
was no difference in survival among the genetic classes.
Finally, CAR T cells were specifically activated in vitro in
the presence of target knockout cell lines as shown by the
production of interferon-y when compared with control
(CTRL) T cells (p=0.0020), but there was no difference

in knockout cells’ survival. In vivo, CAR T cells prolonged
the survival of mice injected with WT, TP53-knockout and
ATM-knockout HG3 tumor cells as compared with CTRL T
cells (p=0.0485, 0.0204 and <0.0001, respectively). When
compared with ATM-knockout, TP53-knockout disease
was associated with an earlier time of onset (p<0.0001),
higher tumor burden (p=0.0002) and inefficient T-cell
engraftment (p=0.0012).

Conclusions While in vitro no differences in survival of
CLL cells of various genetic backgrounds were observed,
CART cells showed a different effectiveness at eradicating
tumor cells in vivo depending on the driver mutation. Early
disease onset, high-tumor burden and inefficient T-cell

engraftment, associated with TP53-knockout tumors in our
experimental setting, ultimately led to inferior performance
of CART cells.

BACKGROUND

Chronic lymphocytic leukemia (CLL) is the
most common adult B-cell leukemia charac-
terized by high genetic and clinical diversity.
Genetic mutations are major predictor factors
of prognosis, time-to-first-treatment, as well as
response to treatment in CLL.' For instance,
patients with 7P53 alterations display poor
prognosis with shorter time-to-first-treatment
and resistance to chemoimmunotherapy
(based on fludarabine, cyclophospha-
mide and anti-CD20 antibody rituximab)
routinely used to manage CLL.* Therefore,
these patients are nowadays rather treated
with targeted inhibitors (ibrutinib, idelal-
isib or venetoclax) that show some capacity
to induce response in these difficult-to-treat
patients.” Apart from TP53 aberrations,
several other genetic defects have been asso-
ciated with aggressive CLL course, including
the unmutated immunoglobulin heavy-chain
gene variable (IGHV) region and mutations
in ATM, SF3BI, and NOTCHI. Ultimately,
several factors, including /GHV mutational
status, genomic changes, patient age, disease
stage and the presence of comorbidities, are
used nowadays to select the most appropriate
treatment option for each patient.* However,
with the exception of allogeneic transplanta-
tion, CLL remains incurable.

One possibly curative option could be
chimeric antigen receptor (CAR) T-cell
immunotherapy. CAR T cells are prepared
by genetic modification of patients’ T cells.
Tumor specificity is imposed on these cells
by introducing a synthetic gene coding for
a receptor composed of an antigen-binding
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domain derived from a B-cell receptor fused to T-cell acti-
vation domains (such as CD28 or 4-1BB®). This modifica-
tion reprograms T cells to target selected antigen on the
surface of malignant cells. Since its application in CLL is
so far limited to clinical trials, only patients with relapsed
and/or refractory (r/r) disease have been treated with
this therapy. Using CAR T cells targeting CD19 has shown
durable complete remissions in these heavily pretreated
patients, but only in up to 29% of them.®” In general,
such favorable response among patients with CLL is much
lower when compared with patients with other r/r B-cell
malignancies treated with anti-CD19 CAR T cells, where
37%-55% of them reach durable complete remissions.”*
Some of the possible reasons for this disproportion are
inhibitory tumor environment of CLL and larger tumor
burdens in patients with CLL at the moment of treat-
ment (reviewed in Lorentzen and Straten'®). Addition-
ally, attributes of the final CAR T-cell product, including
T-cell fitness, phenotypical differentiation and metabolic
program, impact the ultimate therapeutic outcome.'
Apart from these, individual disease-specific character-
istics that would distinguish responders from those who
will not benefit from CAR T-cell treatment have not been
described so far.!! However, the CLL clinical trials have
been done only with small numbers of patients and could
be underpowered to detect some associations. Thus, the
impact of individual genetic aberrations on the response
of CLL cells to CAR T-cell therapy has not been reliably
evaluated.

Herein, we have comprehensively assessed the effect of
various clinically relevant mutations on the response of
CLL to CAR T cells in several in vitro and in vivo disease
models. In vitro, anti-CD19 CAR T cells were similarly
effective at eliminating CLL model cell lines and primary
CLL cells of various genetic backgrounds. In vivo, CAR T
cells were able to prolong survival of all studied genetic
backgrounds but with different curative rate, which
closely reflected the disease severity and was lowest in the
TP53-knockout group.

MATERIALS AND METHODS

Human primary samples, cell lines and culture conditions
Buffy coats from healthy individuals were purchased from
the Department of Transfusion and Tissues of University
Hospital Brno (UHB). RosetteSep Human T Cell Enrich-
ment Cocktail (StemCell) was used to isolate primary T
cells according to manufacturer’s protocol. Thirty-two
primary CLL samples were selected from the biobank of
the Department of Internal Medicine, Hematology and
Oncology, UHB. All patients fulfilled the "International
Workshop on Chronic Lymphocytic Leukemia"/Na-
tional Cancer Institute diagnostic criteria for CLL."
Collected peripheral blood samples were subjected to
gradient centrifugation to obtain high-purity B lympho-
cytes (>98%) using Ficoll-Paque PLUS (GE Healthcare)
combined with RosetteSep Kits (StemCell) to deplete
non-B cells and subsequently vitally frozen. The selection

criteria were based on availability of samples’ genetic
information in order to compile genetically defined
groups. All selected samples had been screened by Sanger
and/or next-generation sequencing for somatic hyper-
mutation in IGHV*® " and mutations in TP53,15 16 ATM,17
NOTCHI"™ and SF3B1." Only cases with highly abundant
TP53 and ATM mutations were included. Conversely,
wild-type (WT) cases had no mutation detected above the
threshold of a respective method used. All primary cells
(T and CLL cells) were cultivated in serum-free AIM-V
medium (Thermo Fisher Scientific). T cells were stimu-
lated by interleukin (IL)-2 (50 U/mL, Miltenyi Biotech)
and Dynabeads Human T-activator CD3/CD28 (ratio 1:3,
bead:cell; Thermo Fisher Scientific). For ‘2S’ stimula-
tion of CLL cells, resiquimod (1 pg/mL, Sigma) and IL-2
(500U/mL) were supplemented to the cells 3 days prior
to starting any experiments.

HG3 (a generous gift from Dr Rosenquist,Sweden),
MEC1 (DSZM) and Lenti-X 293T (TakaraBio Inc.)
cell lines were used herein.HG3 is WT in TP53 gene®,
while MECI has a truncated7P53 allele resulting
fromc.949_950insC mutation and the other allele is
deleted”. Both cell lineshave unmutated IGHV. HG3S
was maintained in RPMI-1640 medium (Biosera), MEC1
in Iscove's Modified Dulbecco's Medium (Biosera)
and Lenti-X in Dulbecco's Modified Eagle's Medium
(Biosera). All media were supplemented with10% (v/v)
heat-inactivated fetal bovine serum (FBS; Biosera) and
1% (v/v)penicillin/streptomycin (MP Biomedicals).

Lentiviral plasmids, CAR virus production and gene
transduction

Sequence encoding anti-CD19 CAR was previously
described® and synthetized in BlueHeron Biotech
Company (USA). This construct was subsequently
cloned into BamHI and Sall sites of the lentiviral vector
PRRL-CMV-GFP-sinl8 (originally generated by D Trono,
purchased from Addgene), in which the CMV promotor
had been exchanged for EFla promotor by molecular
cloning. The sequence of each genetic fragment was
confirmed by Sanger sequencing. Additionally, helper
plasmids pCMV-VSV-G and pCMV-dR8.91 were from
Addgene (originally generated by D Trono).

To generate lentiviral particles, we first treated Lenti-X
cells with 25pM  Chloroquine Diphosphate (Sigma)
5hours prior to transfection. Subsequently, we used poly-
ethylenimine (PEI, 1mg/mL; Polysciences) in a ratio
of 3:1 (PEI:DNA) for transfection, where we combined
the plasmids in equimolar ratio and used a total of
3pg of DNA per 8x10° Lenti-X cells. The medium was
replaced 3hours later. Conditioned lentiviral medium
was harvested 48 and 72hours later, frozen and stored
at —80°C. Lenti-X Concentrator (TakaraBio) was used
to concentrate the conditioned medium according to
the manufacturer’s protocol. After centrifugation, the
pellets were resuspended in AIM-V medium (1/100th of
the original volume) and used immediately to transduce
target T cells. A 1.5mL Eppendorf tube was coated with

2 Mancikova V, et al. J Immunother Cancer 2020;8:6000471. doi:10.1136/jitc-2019-000471


https://www.addgene.org/8454/

0.2mL of Retronectin (TakaraBio) diluted to 100 pg/mL
for 2hours at room temperature and then incubated with
2% bovine serum albumin (Sigma) for 30min. T cells
(8x10%), which were prestimulated with IL-2 and CD3/
CD28 24 hours prior to transduction, were resuspended
in the retronectin-coated tube in 0.5 mL of concentrated
virus supplemented with Polybrene (10pg/mL, Merck)
and centrifuged at 1000 g at 32°C for 2hours. Immedi-
ately afterwards, viral medium was replaced. T cells were
then left to expand until further use (the total in vitro
cultivation time never exceeded 10 days).

Single-cell knockout clones’ production and their verification
MECI bears an inherent 7P53 impairment. To be able
to use it to generate various genetically distinct single-
cell clones with either TP53 or ATM knocked out, we
first had to reintroduce the 7TP53 WT allele under an
inducible promotor. pCMV-Neo-Bam p53 WT plasmid
(#16434, Addgene) was digested by BamHI, and the diges-
tion product (7P53 WT gene) was cloned into a pLenti
CMV/TO Hygro empty plasmid (#17484, Addgene)
under a doxycyclin-inducible promotor. Lentiviral parti-
cles were produced as described previously; MECI cells
were transduced and selected by 500 pg/mL hygromycin
(InvivoGen) for 14 days. Afterwards, the lentiGuide-
Puro two-vector system, composed of single guide RNA
(sgRNA) containing lentiGuide-Puro vector (#52963,
Addgene) and Cas9 expressing LentiCas9-Blast vector
(#52962, Addgene), was used to generate CRISPR knock-
outs of ATM and TP53 genes. The following sgRNAs were
cloned into lentiGuide-Puro:

5-GGATGCTGTTCTCAGACTGA-3" targeting exon 6
of ATM

5 TCGACGCTAGGATCTGACTG-3" targeting exon 2
of TP53

5 TATCTGAGCAGCGCTCATGG-3" targeting exon 5
of TP53

Transfection and virus harvesting were performed as
described previously. Cas9-transduced cells (HG3 and
MECI p53 wt) were selected by 10pg/mL blasticidin
(InvivoGen) for 7 days. Immediately afterwards, cells
were transduced by lentiviruses containing the sgRNA
of interest and selected by 10pg/mL puromycin (Invi-
voGen, #ant-pr-1) for 4 days. In order to obtain mono-
clonal cell populations, the selected cells were plated into
96-well plates as 1 cell per well using the limiting dilution
method.

Sanger sequencing and CRISP-ID tool (http://crispid.
gbiomed.kuleuven.be/) were used to detect editing
events. In the cell clones harboring indels, the loss of the
respective protein was verified by western blotting. Only
clones with no band visible after prolonged exposure
were selected for further study. For ATM protein detec-
tion, no prior stimulation was needed. In case of pb53, a
24-hour treatment with 2pM doxorubicin was performed
to stabilize the p53 protein. Prior to the treatment with
doxorubicin, MEC1 p53 wt cells were also incubated with
2pg/mL doxycycline for 24 hours in order to induce the

WT pb3 expression. In order to assess the accumulation
of p21, the knockout cells were incubated with 2pM
doxorubicin for 24 hours, lysed and subjected to western
blotting. Additionally, the phosphorylation of KAP1 was
determined by western blotting in ATM-knockout cells
incubated with 1 pM doxorubicin for 4hours. The anti-
bodies used in the study are listed in online supplemen-
tary table 1.

Cytotoxicity in vitro assay and cytokine production assay

The antileukemic in vitro activity of CAR T cells was
assessed in 4-day cultures using 1:5 ratio of target:ef-
fector cells. For this assay, the collection of knockout
clones, as well as the set of primary CLL cells, were used
as targets. In the case of vitally frozen primary CLL cells,
these were thawed, and their viability was assessed by flow
cytometry. A part of CLL cells was subsequently 2S stim-
ulated and used in cytotoxicity assay only 72hours later,
while the other part was directly mixed with T cells. In
detail, 2x10*live B cells were combined with 1x10°T cells
(control (CTRL) or CAR) in 96-well U-bottom plates in
200 pL of AIM-V medium without any supplements. The
target B-cell survival was monitored at 24 and 96 hours by
flow cytometry. The amount of retrieved CD19+ cells from
the mixture of B cells with CTRL T cells was set as 100%
and compared with the amount of CD19+ cells cultured
with CAR T cells. Additionally, supernatants from 4-day
coculture of knockout cell clones and CTRL/CAR T cells
were collected, and production of interferon (IFN)-y was
measured by ELISA using Human IFN-y Standard TMB
ELISA Development Kit (PeproTech) following manufac-
turer’s protocol.

In vivo studies

Mouse experiments were carried out with equal numbers
of male and female NOD-scid ILQRgIlull (NSG) mice
(Charles River Laboratories, France) 8-12 weeks old per
experimental group.

To assess the penetrance of individual knockout clones,
2.5x10° tumor cells from each individual clone or WT
HG3 and MECI cells were injected via tail vein in a total
volume of 0.1 mL phosphate-buffered saline. For further
studies, we preferentially selected clones derived from the
HGS3 cell line, which had the most similar disease-onset
time. Two experimental settings to assess CAR T-cell in vivo
performance were used: low-tumor and high-tumor burden
settings. These scenarios differed in the number of tumor
cells (5><105 cells and 2x10° cells, respectively). Moreover,
CTRL or CAR T cells were injected intravenously 5 or 7
days later (low or high scenarios, respectively). Mice were
closely monitored for any manifestation of the disease and
were sacrificed when symptoms of severe disease (lethargy,
excessive weight loss, change in fur quality, apathy and hind
leg paralysis) occurred. Spleen was harvested, mechanically
homogenized and passed through a 30 pm nylon filter, and
erythrocytes were lysed using Tris-buffered ammonium
chloride. Samples were then analyzed by staining with
fluorescently conjugated monoclonal antibodies. Blood
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samples from the surviving CAR-treated animals were
obtained from the tail vein approximately a week after the
mice regained their starting weight. DNA from blood and
spleen tissues was extracted using NucleoSpin Tissue DNA
extraction kit (Macherey-Nagel) following the manufactur-
er’s instructions.

Detection of integrated CAR transgene by quantitative PCR
Quantitative real-time PCR was performed on 150ng of
DNA with three replicates for each sample using the 2X
Tagman Gene Expression Master Mix (Applied Biosys-
tems). Specific primers and probe were designed to amplify
the junction region between the light and heavy chain of
the single-chain variable fragment of anti-CD19 antibody
(clone FMC63) that is contained within the CAR construct:
Forward primer: 5~ACAGGGTAATACGCTTCCGT-3’
Reverse primer: 5-CCCTGAGACAGTGCATGTGA-3
MGB  probe: 5-FAM  CCACCTGTGATCTCCA
GCTTGGTC-3
PCR with real-time fluorescence detection was performed
on a 384-well Thermo Scientific QuantStudio 12k (Thermo
Fisher Scientific). The number of copies for each vector,
expressed as copies/ng DNA, was determined by compar-
ison of the measured cycle threshold for each well to the
cycle threshold of a standard curve prepared by dilution of
a linearized receptor-encoding plasmid spiked into 150ng
of CTRL mouse genomic DNA (obtained from a healthy
NSG animal) per well. The R? value of the standard curve
was 0.9945, and the slope was —-3.4134 (corresponding to
efficiency of reaction of 96%) . Known spike controls ranged
from 1x10" to 1x107 copies per well.

Flow-cytometric analysis

All flow-cytometric analyses were performed using FACS
Verse flow cytometer (BD Biosciences). Antibodies used
in the study are listed in online supplementary table 1.
To confirm the CAR expression, double staining was
used: biotinylated goat antimouse polyclonal IgG anti-
body (Thermo Fisher Scientific) was visualized with
AlexaFluor647-conjugated streptavidin (Invitrogen). In all
flow-cytometric analyses, cell viability was monitored with
7-aminoactinomycin D (Invitrogen). Data were analyzed in
FlowJo V.10 software.

Statistical analysis

All statistical analyses were performed using software incor-
porated in GraphPad Prism V.5. Specific statistical tests
used for different study variables are described in the figure
legends. All tests were two-sided. P values of <0.05 were
considered statistically significant.

RESULTS

In vitro anti-CD19 CAR T cells are similarly effective at
eliminating primary CLL cells of various genetic backgrounds
For the present study, we selected the anti-CD19 CAR
incorporating 4-1BB costimulation molecule in the
design.”** Our optimized protocol led to the production
of a high yield of CAR-expressing T cells (>85%, online
supplementary figure 1A). The functionality of CAR T

cells was validated in various in vitro tests (online supple-
mentary figure 1B). In order to comprehensively assess
the prognostic value of CLL genetic background on the
response to CAR T-cell therapy, we compiled a set of genet-
ically defined 32 primary CLL samples. Of these, 26 were
IGHV unmutated (9 ATM-mutated, 8 TP53mutated, and
9 without mutations in ATM, TP53, NOTCHI or SF3BI)
and 6 bore hypermutation in the /GHV gene but no muta-
tions in the other studied genes. After thawing, no differ-
ence in cell viability was observed among the genetic
classes (online supplementary figure 2). B cells were then
either directly mixed with T cells or stimulated through
IL-2 and nuclear factor kappa B-activating signals® prior
to exposure to T cells in order to mimic a leukemic micro-
environment and thus increase the in vitro fitness. After
96hours of cocultivation, while there still were viable
unstimulated CLL cells surviving in culture with CTRL
T cells, no viable unstimulated B cells were detected in
the mixture with CAR T cells (figure 1A). 2S stimulation
proved to have a positive effect on CLL in vitro fitness,
as some CLL cells survived even in coculture with CAR
T cells (figure 1B). However, after 96 hours of coculture,
no significant differences in the survival of the different
genetic classes were observed (mean percentage of
surviving unmutated IGHV WT cells, 2%; TP53-mutated,
1.5%; ATM-mutated, 3.3%; and IGHV-mutated WT cells,
3.2%; figure 1B). Unsurprisingly, exposure to CAR T cells
led to a gradual decrease in the number of target CLL
cells throughout the cocultivation period in both studied
set-ups (figure 1C).

CRISPR/Cas9 generated TP53-knockout and ATM-knockout
single-cell clones recapitulate the results from primary CLL
cells in vitro

Primary CLL cells strive in vitro and, so far, no successful
strategy for their reliable xenotransplantation has been
described. Therefore, we used the CRISPR/Cas9 system
to generate a collection of cell lines with a specific
genetic background from commercially available CLL-
derived cell lines (HG3 and MEC1). We aimed to
introduce TP53 or ATM mutations that would result in
disruption of the targeted gene expression and thus to
generate a set of genetically distinct knockout single-
cell clones. However, MECI cells already express a trun-
cated pb3. Since constitutive WT p53 introduction into
pb3-defficient tumors could induce senescence>! 25, we
introduced WT 7P53 under an inducible promotor.
Short-term expression of WT pb3 protein could be
induced by treating the cells with doxycycline, and it
was further stabilized upon DNA damage triggered by
doxorubicin (online supplementary figure 3A). These
cells were denoted as ‘MECI p53 WT’ and used subse-
quently to generate individual MEC1 ATM-knockout
and 7TP53knockout clones. In total, we were able to
create 7 TP53 single-cell knockout clones (three and
four, respectively) and four ATM single-cell knockout
clones (three and one, respectively) from both HG3
and MECI cells. As shown in figure 2A, no expression
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Figure 1 Cytotoxicity of anti-CD19 CAR T cells against primary CLL cells. (A) T cells from a single donor were transduced
and mixed with primary unstimulated CLL cells of various genetic backgrounds in 1:5 target:effector ratio. Target cells are
color-coded as follows: IGHV-unmutated samples that had an ATM mutation are in blue; those with a TP53 mutation are in red;
and those without mutations in ATM, TP53, NOTCH1 or SF3B1 are in green. IGHV-mutated samples without mutations in the
above-mentioned genes are in black.This color coding is maintained throughout the manuscript. Cytotoxicity was measured
by flow cytometry at 24 and 96 hours of coculture. Results are expressed as percentage of CD19+ leukemiacell recovery after
4 days of culture relative to culture with CTRL T lymphocytes. (B) Primary CLL cells of various genetic backgrounds stimulated
with interleukin-2 and nuclear factor kappa B were mixed with CAR/CTRL T cells in 1:5 target:effector ratio and cytotoxicity is
measured as in A. (C) Target elimination was gradual over the cultivation period. CAR, chimeric antigen receptor; CLL, chronic

lymphocytic leukemia; CTRL, control; IGHV, immunoglobulin heavy-chain gene variable; n.s., not significant; WT, wild type.

of p53 was detectable upon induction of DNA damage
in the TP53knockout cells, and there was a complete
loss of ATM protein in the generated knockouts. Even
the downstream effector genes were not activated in the
generated cell lines upon adequate stimulus (p21 in case
of TP53 knockouts, p21 and pKAP1 in ATM knockouts;
online supplementary figure 3B), demonstrating true
functional impairment of the targeted genes and their
downstream signaling pathways in our generated cell
lines. In vitro, no other obvious phenotypical changes
were associated with acquiring the desired gene muta-
tions; no major differences in cell proliferation were
noted (online supplementary figure 3C); and no differ-
ences in expression of serine protease inhibitor PI-9,
an inhibitor of granzyme B-mediated T-cell cytotoxicity,
were found (online supplementary figure 3D).

When mixed with available knockout cell lines, CAR T
cells, but not CTRL T cells, became specifically activated
in their presence as evidenced by the production of IFN-y
(p=0.0020, figure 2B). In line with previous observations

from primary CLL cells, after 96 hours of in vitro cocul-
ture with CAR T cells, a similar proportion of CD19+
target cells were surviving in the two genetically defined
groups (mean percentage of surviving tumor cells was
12.9% and 14% in TP53 and ATM knockouts, respec-
tively; figure 2C). However, when we examined the target
elimination in time, we observed that TP53-knockout
clones more often exhibited the ability to maintain prolif-
eration in coculture with CAR T cells than their ATM-
knockout counterparts (4/7 TP53 clones vs 1/4 ATM
clone, figure 2D).

CAR T cells prolong survival of all studied genetic classes in
vivo, but with different curative rates

Since primary CLL cells engraft inefficiently in immu-
nocompromised mice, we chose to evaluate the in vivo
efficacy of anti-CD19 CAR T-cell therapy in NSG mice
injected with CRISPR/Cas9 generated knockout cell
lines. First, we evaluated the kinetics of the disease
of all generated cell lines as well as the original HG3
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Figure 2 Cytotoxicity of anti-CD19 CAR T cells against cell lines with specific genetic background. (A) Indel mutations were
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in loss of the respective protein as demonstrated by western blotting. (B) Production of IFN-vy, as measured by ELISA, was
significantly induced when CAR T cells were cultured with ATM-knockout and TP53-knockout cell lines as compared with CTRL
T cells (Kruskal-Wallis test, p=0.0020). (C) Cytotoxicity of CAR T cells against generated TP53-knockout and ATM-knockout cell
lines was measured in a 96 hours of coculture by flow cytometry. Results are expressed as percentage of CD19+ leukemiacell
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interferon; n.s., not significant.

and MECI cells in vivo (figure 3A, HG3 cell line and
knockout clones derived from it are depicted with
off-color shapes). In this model system, intravenous
injection of tumor cell lines led to development of
progressive leukemia with significant involvement of
the spleen, liver and kidneys. Two HG3-derived TP53-
knockout clones and an additional ATM clone did not
engraft (clones 2, 3 and 6, respectively) even though
these mice were followed for 60 days. In the remaining
cases, the kinetics of 7TP53knockout-driven disease
clearly showed a more severe course than the ATM-
knockout one (median days of succumbing to the
disease were 19 and 27, respectively; p=0.0262), similar
to the original cell lines (median day 20).

We selected HG3-derived clones 1 (7P53 knockout)
and 4 (ATM knockout) for further in vivo studies. First, we
inoculated NSG mice with 2x10° tumor cells (this setting
was termed ‘high-tumor burden’; figure 3B). Seven days
later, CAR or CTRL T cells were injected via tail vein.
On day 14, mice injected with the TP53knockout clone
started showing signs of the disease, which was quickly
progressing in the following days (figure 3C). In line with
the kinetics experiment, ATM-knockout disease onset
was delayed (figure 3C, p<0.0001), and its progression

was slower. At the moment of succumbing to the disease
(median days 16 and 23 in TP53 and ATM CTRL mice,
respectively), there was no significant difference in the
disease morbidity among the animals injected with CTRL
T cells from the two genetic classes (assessed here by
weight loss, figure 3D). However, mice injected with the
TP53knockout clone had a significantly higher tumor
burden compared with the ATM knockout (p=0.0002,
figure 3D). Due to these disease-related differences, the
positive treatment effect was solely apparent in mice with
ATM-knockout disease (p<0.0001, figure 3E). Quantifica-
tion of the integrated CAR-expressing vector in spleens
of the treated mice additionally uncovered inefficient
engraftment of CAR T cells in the animals with TP53
knockout tumors, plausibly caused by shorter time for
their proliferation in these mice (p=0.0012, figure 3F).
Eighty-five percent of mice bearing ATM-knockout disease
treated with CAR T cells regained their original weight,
were considered cured and afterwards had high levels of
CAR T cells detectable in their circulation (figure 3F).
Finally, in an attempt to alleviate the disease burden
caused by the TP53knockout, we inoculated NSG mice with
5x10° tumor cells (setting termed ‘low-tumor burden’)
and started the treatment 5 days later (figure 4A). In this
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related death differed significantly between TP53-knockout and ATM-knockout cell lines (Mann-Whitney test, p=0.0262). (B)
Experimental set-up of high-tumor burden setting showing timing and amount of intravenously transferred tumor and CAR/
CTRL T cells in NSG mice. (C) Morbidity was assessed by regular weighting of the animals. It is possible to appreciate from this
graphics that TP53-knockout disease develops earlier (Mann-Whitney test, p<0.0001) and shows a more aggressive course
than ATM-knockout one. (D) No significant difference in the disease morbidity was observed among mice injected with CTRL T
cells belonging to either TP53 or ATM group at the time of sacrification (left panel; day of sacrification 17-18 or 23, respectively;
Mann-Whitney test; p=0.2786). Animals with TP53-knockout disease showed significantly higher tumor burden, as assessed
from the number of CD19+ cells detected in spleens of the deceased animals (Mann-Whitney test, p=0.0002). (E) Kaplan-Meier
curves showing survival of mice. P values were calculated with two-tailed log-rank Mantel-Cox tests. (F) The number of copies
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setting, mice injected with 7TP53knockout cells started
showing signs of the disease only 1day later than in the
above-mentioned high-tumor burden scenario (day 15,
figure 4B). Similarly, severe disease course was observed
among mice injected with HG3 WT cells. On the other
hand, the low-tumor cell dose was suboptimal to induce
leukemia with ATM-knockout cells, since only 4/7 of
animals injected with CTRL T cells developed the disease.
Nevertheless, in this setting, the treatment partially
prolonged survival of animals with 7P53-knockout disease
(p=0.0204), ATM-knockout disease (p=0.0217), as well
as those injected with HG3 WT tumor cells (p=0.0485,
figure 4C). One of five (20%) mice injected with HG3
WT cells and treated with CAR T cells was considered
cured of disease due to regaining of the original weight
and high levels of CAR T cells in blood (assessed by flow
cytometry, online supplementary figure 4).

DISCUSSION

In the current era of precision medicine, medical deci-
sions are being tailored to the individual patient based on
their predicted response. One example of such person-
alization from hemato-oncological practice is the pref-
erential treatment of patients with CLL who test positive
for aberrations affecting the TP53 gene, with targeted
inhibitors® due to their predicted chemorefractoriness.”
However, no such personalization is possible so far in the
case of CAR T-cell therapy, even though roughly only
one out of three patients with CLL will respond to this

treatment.”” Herein, we set out to comprehensively assess
for the first time the impact of two major genetic aberra-
tions on the performance of CAR T cells in several CLL
disease models. Not only do we study CAR T-cell perfor-
mance on a genetically defined set of primary samples,
but we also use CRISPR/Cas9 system to prepare several
TP53-gene and ATM-gene knockout clones from two CLL-
derived cell lines. While we do not observe any significant
differences in survival of target CLL cells in vitro, in our
in vivo disease model, TP53 knockout is associated with
earlier time of disease onset, higher tumor burden and
inefficient T-cell engraftment, which jointly negatively
influence the treatment outcome.

CLL is a disease of many genetic drivers, some of which
exhibit oncogenic properties, while others function as
tumor suppressors.”’ The study of disease characteris-
tics and response to treatment using primary CLL cells
is hampered by their decreased in vitro viability and
their inefficiency to engraft in immunodeficient mice
(reviewed in Bertilaccio et alf®). Nevertheless, in the
current study, we worked with a set of genetically char-
acterized primary CLL cells to assess their response to
CAR T=cell treatment. All unstimulated CLL cells were
efficiently and completely eradicated by CAR T cells at
the end point of our experiment, while some of those
in which we mimicked microenvironment interactions®
survived the cultivation period. However, the total CLL
survival was low (<5%). Therefore, to exclude that the
results were affected by the reduced fitness of CLL cells in
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prolonged in vitro cultures, we decided to prepare genet-
ically homogeneous CLL-derived cell lines bearing clini-
cally relevant mutations. Herein, we focused on 7P53and
ATM genes for several reasons. First, they are among the
most frequently mutated genes in CLL.* Second, aberra-
tions in these two genes have been linked with poor prog-
nosis.” * Finally, these genes are tumor suppressors (ie,
loss or reduction in their function is found in cancer), and
thus we could use CRISPR/Cas9 technology to disrupt
the gene rather than to introduce any specific mutations,
which is technically less challenging.” Of note, while the
survival of the generated knockout cell lines in response
to CAR T cells was higher (mean ~15%), we still could not
detect any difference in survival according to the genetic
background, corroborating the results obtained with
primary CLL cells.

The commercial HG3 cell line, which is one of those we
used to prepare knockout cells, has been described to be
composed of subclones and thus to be heterogeneous.™
Therefore, creation of isogenic cell lines originating
from a single cell could lead to opportunistic selection of
a phenotype associated with one of the subclones rather
than with the generated genetic feature. Indeed, when we
transplanted our knockout cell line collection into NSG
mice, three clones derived from HG3 cells did not engraft,
which could possibly point to them being derived from a
specific common subclone. Nevertheless, the remaining
clones (both TP53 and ATM knockouts) derived from
HGS3 cells behaved remarkably similarly to those derived
from MECI cells in all remaining assays. Therefore, we
believe that in these clones, the phenotypes we observe
are indeed caused by the introduced mutations and not
by a subclonal origin of the cells.

Already the in vitro data hinted the aggressive poten-
tial of TP53knockout cell lines, since they more often
maintained the ability to proliferate in coculture with
CAR T cells. Still, in vitro modeling does not allow for
faithful recapitulation of the disease pathogenesis and
the complex in vivo relationships between leukemic
cells and the microenvironment,28 which are crucial in
CLL. In our in vivo model, we could recapitulate some
of the clinical characteristics of 7P53mutated CLL. For
instance, NSG mice injected with 7P53knockout clones
showed the shortest time to disease manifestation, which
is in accordance with 7P53mutated patients displaying
shorter time to first treatment.”® Of note, TP53knockout
clones’ superior proliferation rate was only apparent
in vivo, once again underpinning the positive effect of
microenvironment on CLL tumorigenesis. In our model,
this aberration was therefore also associated with a higher
tumor burden, which has already been connected with
failure of the CAR T-cell therapy.”

It is important to acknowledge here that some patients
with CLL with TP53mutated disease have already been
successfully treated with CAR T-cell therapy.”* While in
our in vivo experimental setting we worked with a well-
defined homogeneous model, in the clinical practice,
there is a certain degree of heterogeneity among patients

with CLL with 7P53mutated disease: some patients with
this poor prognosis marker do not suffer from such a
quickly progressing disease and can therefore be candi-
dates for CAR T-cell therapy. Similarly, there are patients
who do not harbor TP53 aberrations and suffer from
an aggressive progressive disease.”> We hypothesize that
those could also benefit to a lesser extent from CAR T
cells.

Unexpectedly, disease onset in mice injected with ATM-
knockout cell lines showed major retardation. ATM plays
an important role in double-stranded DNA repair, as well
as pb3 activation with subsequent cell cycle arrest and/or
apoptosis. Thus, its inactivation can cause p53 dysfunc-
tion. The ATM gene is localized on the long arm of chro-
mosome 11 in a region, which is very frequently deleted
in CLL. Those patients with CLL, whose residual ATM
allele is mutated, show poorer clinical outcome.” In all
of our knockout clones, both alleles of ATM gene were
affected by indel mutations, which resulted in complete
loss of ATM at protein level. Thus, adverse phenotype
was anticipated. However, a similarly mild phenotype as
we describe here for ATM knockout has been observed
in glioma tumorigenesis, where knockout or inhibition
of ATM function promoted animal survival as compared
with WT cells.”” Similarly, in vivo tumor formation was
impaired by ATM knockout in a breast cancer cell line as
compared with the WT CTRL.™

Finally, the quality of patient’s T cells used to prepare
the final CAR T-cell product can impact the treatment
efficacy in CLL."" In our in vivo models, we did observe
inefficient engraftment of CAR T cells in mice with
TP53knockout-driven disease. However, the CAR T cells
for each of the different stages of the study (in vitro
studies, high-tumor and low-tumor in vivo burden) were
produced from a single healthy T-cell donor (different
for every stage) with a similarly high efficiency. Thus, it is
highly improbable that any inherent T-cell defects could
be affecting our results. The effect we describe is possibly
caused by the shorter time T cells had for proliferation
in mice with TP53knockout-driven tumors. CAR T-cell
cytotoxicity has been shown to be blocked by production
of high levels of the serine protease PI-9/serpin-6 that
irreversibly inactivates granzyme B.* However, we did
not observe any differences in expression of this enzyme
among the used cell lines, which could explain the differ-
ences we observe in vivo. Further studies could uncover
if additional mechanisms (eg, immunosuppressive micro-
environment) are also at play in these mice.

CONCLUSIONS

This is the first study comprehensively assessing the
impact of various clinically relevant genetic aberrations
on performance of CAR T cells in CLL. In vitro, anti-
CD19 CAR T cells are similarly effective at eliminating
CLL model cell lines and primary CLL cells of various
genetic backgrounds. In vivo, early disease onset, high-
tumor burden and inefficient T-cell engraftment, which
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were associated with TP53-knockout-driven tumors in our
experimental setting, ultimately lead to poorer response
to CAR T-cell treatment in this CLL subgroup.
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